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Infection with West Nile virus (WNV) causes fatal encephalitis more frequently in immunocompromised
humans than in those with a healthy immune system. Although a complete understanding of this increased risk
remains unclear, experiments with mice have begun to define how different components of the adaptive and
innate immune response function to limit infection. Previously, we demonstrated that components of humoral
immunity, particularly immunoglobulin M (IgM) and IgG, have critical roles in preventing dissemination of
WNV infection to the central nervous system. In this study, we addressed the function of CD8� T cells in
controlling WNV infection. Mice that lacked CD8� T cells or classical class Ia major histocompatibility
complex (MHC) antigens had higher central nervous system viral burdens and increased mortality rates after
infection with a low-passage-number WNV isolate. In contrast, an absence of CD8� T cells had no effect on the
qualitative or quantitative antibody response and did not alter the kinetics or magnitude of viremia. In the
subset of CD8�-T-cell-deficient mice that survived initial WNV challenge, infectious virus was recovered from
central nervous system compartments for several weeks. Primary or memory CD8� T cells that were generated
in vivo efficiently killed target cells that displayed WNV antigens in a class I MHC-restricted manner.
Collectively, our experiments suggest that, while specific antibody is responsible for terminating viremia, CD8�

T cells have an important function in clearing infection from tissues and preventing viral persistence.

West Nile virus (WNV) is a single-stranded positive-polarity
RNA virus and the etiologic agent of West Nile encephalitis.
WNV is maintained in a natural cycle between mosquitoes and
birds but also infects humans, horses, and other vertebrates. It
is endemic in parts of Africa, Europe, the Middle East, and
Asia (20), and outbreaks are occurring annually in North
America. Humans develop a febrile illness, with a subset of
cases progressing to a meningitis or encephalitis syndrome
(20). Currently, no specific therapy or vaccine has been ap-
proved for human use.

Host factors influence the expression of WNV disease in
humans. Those with impaired immune systems are at greatest
risk for severe neurological disease (2, 20, 66). Similarly, in
animals, the integrity of the immune system correlates with
resistance to WNV infection (14, 15, 69). Through the use of
animal models of WNV infection, the immunologic basis for
protection is beginning to be understood (10). T and B lym-
phocytes protect against WNV infection: SCID and RAG1
mice (T and B cell deficient) (9, 17) and B-cell-deficient mice
uniformly succumb to WNV infection (9). Macrophages also
have important functions, as their depletion increases the neu-
roinvasiveness of attenuated WNV strains (3).

Humoral immunity is an essential component of the immune
response to WNV and other flaviviruses, as neutralizing anti-
bodies limit dissemination of infection. Passive transfer of
polyclonal or monoclonal immunoglobulin G (IgG) prior to
infection protects mice against lethal flavivirus challenge (4, 9,
16, 18, 19, 22, 26, 48, 60–62). The importance of antibodies in
protection against WNV infection has been highlighted by

recent studies of immunodeficient mice. Mice that lack the
ability to produce either anti-WNV IgM (11) or anti-WNV IgG
(9) developed lethal encephalitis after infection with WNV;
high levels of virus and viral RNA were detected both periph-
erally and in the central nervous system (CNS).

T lymphocytes are believed to contribute to the eradication
of WNV from infected cells (7, 10). Antigen-restricted cyto-
toxic T lymphocytes (CTL) kill, proliferate, and release inflam-
matory cytokines after exposure to flavivirus-infected cells (12,
23, 30–34, 44, 52, 65). While T cells are believed to be protec-
tive in vivo, their precise role in the control of and recovery
from infection by WNV and other encephalitic flaviviruses
remains to be elucidated. Athymic nude mice that lack T cells
have increased susceptibility to infection with Japanese en-
cephalitis virus (35), and adoptive transfer of virus-specific
CTL protected mice against lethal challenge with Japanese
encephalitis virus (52). Moreover, gamma interferon (IFN-�)-
producing �� T cells are also essential for the control of WNV
infection (67). Nevertheless, because of their potential to kill
infected neurons, the function of CD8� T cells in protection
against WNV infection has remained controversial. For exam-
ple, a recent study suggested that CD8� T cells may participate
in both the recovery and the immunopathological phases of
WNV infection; depending on the intravenous inoculating
dose (103 or 108 PFU), the absence of CD8� T cells had a
detrimental or beneficial effect on mortality, respectively (68).
Finally, an independent study with the closely related Murray
Valley encephalitis virus demonstrated that a lack of either
perforin or Fas ligand, two molecules that mediate CTL effec-
tor activity, protected mice against encephalitis and mortality
(41). Thus, it remains unclear under what circumstances CD8�

T cells protect against disseminated infection or contribute to
the pathogenesis of WNV-related neurological disease.

In this study, we directly assessed the function of CD8� T
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cells in WNV infection. Mice that lacked CD8� T cells or
classical class Ia major histocompatibility complex (MHC)
molecules had sustained viremia, higher CNS viral burdens,
and increased mortality rates after infection with WNV. CD8�

T cells clearly demonstrated a protective effect against WNV
infection in mice. Interestingly, in the subset of CD8�-T-cell-
deficient mice that survived initial viral challenge, infectious
virus was recovered from CNS tissues for many weeks, sug-
gesting that CD8� T cells have an important function in erad-
icating infection.

MATERIALS AND METHODS
Viruses and cells. The WNV strain (3000.0259) was isolated in New York in

2000 (13). The stock virus (2 � 108 PFU/ml) was propagated once in C6/36 cells
and used for all cell culture and in vivo studies. For inoculation in mice, virus was
diluted in Hanks balanced salt solution and 1% heat-inactivated fetal bovine
serum (FBS).

Mouse experiments and tissue preparation. C57BL/6J strain (H2KbDb) in-
bred wild-type and congenic CD8 �-chain�/� (CD8�tm1Mak) mice were obtained
from H. Virgin (Washington University, St. Louis, Mo.). Congenic MHC class
Ia-deficient (H2Kb�/� � H2Db�/�) mice (54) were obtained from T. Hansen
(Washington University). All mice were bred in the animal facility of Washington
University School of Medicine. Eight- to 12-week-old mice were used for all
studies and were inoculated subcutaneously with 102 PFU of WNV by footpad
injection. For pathological analyses, CNS tissues were harvested after perfusion
with phosphate-buffered saline (PBS) and 4% paraformaldehyde, incubated in
4% paraformaldehyde for 24 h at 4°C, embedded in paraffin, sectioned, stained
with hematoxylin and eosin, and examined for pathological changes. Serial sec-
tions of these tissues were also stained for WNV and neuronal antigens by
immunohistochemistry as described previously (9).

Quantitation of virus burden from mice. To analyze the kinetics of virus
production in the tissues and serum of infected mice, groups of mice were
infected with 102 PFU and euthanized on days 2, 4, 6, 8,10, and 11 after infection.
Before harvesting of organs, blood was collected by phlebotomy of the axillary
vein; serum was recovered after centrifugation, aliquoted, and stored at �80°C.
Organs were removed, weighed, and homogenized, and plaque assays were
performed as previously described (9). Viral RNA was prepared from thawed
aliquots of serum by using a Qia-Amp viral RNA recovery kit (Qiagen, Palo Alto,
Calif.) and quantitated by real-time fluorogenic reverse transcriptase PCR (RT-
PCR) with an ABI 7000 sequence detection system (Applied Biosystems, Foster
City, Calif.) as described previously (9, 37).

Serologic analysis. An enzyme-linked immunosorbent assay was used to mea-
sure the development of specific IgG and IgM against WNV with some modifi-
cations (9, 11). A histidine-tagged WNV envelope protein was purified from
baculovirus-infected Hi-5 insect cells (M. Diamond, G. Nybakken, and D. Fre-
mont, unpublished results) by nickel affinity chromatography and used to coat
Maxi-Sorp microtiter plates (Nalge Nunc International, Rochester, N.Y.) over-
night at 4°C. In parallel, plates were also coated with bovine serum albumin as a
control antigen. After saturation of nonspecific sites with blocking buffer (PBS,
0.05% Tween 20, 3% bovine serum albumin, and 3% horse serum), plates were
incubated with serial dilutions of heat-inactivated serum from infected mice for
2 h at room temperature. After extensive washing, plates were incubated with
biotin-conjugated goat anti-mouse IgG or IgM (Sigma Chemical, St. Louis, Mo.),
followed by horseradish peroxidase-conjugated streptavidin (Sigma Chemical).
Signal was detected with tetramethylbenzidine substrate (Dako, Carpinteria,
Calif.) and H2SO4, and plates were read in an enzyme-linked immunosorbent
assay plate reader (Molecular Devices) at 450 nm. The optical density value for
binding to bovine serum albumin alone was subtracted from the E-protein wells
to obtain an adjusted optical density for each sample.

The titer of neutralizing antibodies was determined by a previously published
protocol (9). Experiments were performed in duplicate, plaques were counted
and plotted, and the plaque reduction neutralization titer for 50% inhibition was
determined.

Isolation of brain lymphocytes. To determine the kinetics of CD8� T cells
trafficking into the CNS after infection, brain leukocytes were isolated and
phenotyped by flow cytometry according to a previously published protocol (29).
After infection with 102 PFU, mice were euthanized on days 5, 7, 9, and 11 after
infection and perfused with 30 ml of PBS. Individual brains were harvested,
placed on ice in RPMI supplemented with 5% FBS, and homogenized gently by
being pressed through a 100-�m-pore-size mesh tissue strainer (BD Biosciences,
San Diego, Calif.). After rinsing and trituration, the cell homogenates were

centrifuged (2,000 � g for 3 min) and the cell pellets were resuspended in 2 ml
of RPMI with 5% FBS. The suspension was overlaid on a 70 and 30% Percoll
(Pharmacia, Uppsala, Sweden) step gradient in RPMI with 5% FBS. The gra-
dients were centrifuged (800 � g for 25 min at 25°C), and the leukocytes were
collected from between the 70 and 30% interface. Leukocytes were washed two
additional times, and the number of CD8� T cells from each brain was deter-
mined after staining with CD45 (common leukocyte antigen) or CD8� (Ly-2)
antibodies (BD Biosciences) for 30 min at 4°C in the presence of 5% goat serum
to prevent nonspecific antibody binding. After washing, cells were fixed with 1%
paraformaldehyde in PBS and analyzed with a FACscan (Becton Dickinson, San
Jose, Calif.) cell sorter with CellQuest software.

CTL assays. To avoid generating radioactive waste at the biosafety 3 level,
CTL activity was determined by measuring the amount of release of calcein AM,
a vital fluorochrome. MC57GL cells, derived from a fibrosarcoma in a C57BL/6J
mouse (gift of H. Virgin, St. Louis, Mo.), were used as targets for CD8�-T-cell
killing.

MC57GL cells that expressed the ectodomain of the E protein (MC57GLWNV-E)
from the New York 1999 strain of WNV (38) were generated as follows: amino
acids 1 through 402 of the E protein were amplified by PCR from an infectious
clone of WNV (gift of R. Kinney, Centers for Disease Control and Prevention,
Fort Collins, Colo.) and cloned into the BamHI-XhoI sites of pcDNA3.1 (In-
vitrogen). After sequencing, pcDNA-E or the parent vector, pcDNA3.1, was
transfected into MC57GL cells by a previously described protocol (50). Forty-
eight hours after transfection, cells were selected with Dulbecco modified Eagle
medium (DMEM) supplemented with zeocin (0.2 mg/ml). After 10 days, clones
of MC57GLWNV-E or MC57GLvector were isolated and tested for WNV E-pro-
tein antigen expression by indirect immunofluorescence and flow cytometry.

CTL assays were performed with either primary or memory CD8�-T-cell
populations. (i) For primary CTL, C57BL/6J mice were infected with 106 PFU of
WNV via intraperitoneal injection. At days 4, 6, and 8 after infection mice were
euthanized and the spleens were isolated by dissection. Splenocytes were recov-
ered after being pressed through a nylon mesh, and the mononuclear cells were
separated by Ficoll gradient centrifugation (800 � g, 25 min at room tempera-
ture). After harvest of the gradient interface, cells were washed extensively in
RPMI with 5% FBS and the CD8� T cells were isolated by negative selection
with magnetic beads according to the instructions of the manufacturer (Miltenyi
Biotec, Auburn, Calif.). The phenotype was confirmed by flow cytometry with a
phycoerythrin-conjugated rat anti-mouse CD8 monoclonal antibody (MAb; BD
Biosciences); routinely, we obtained 90 to 95% purity of CD8� T cells (see Fig.
6B inset). (ii) To generate memory T cells that recognized antigens derived from
the WNV E protein, splenocytes were harvested from immune wild-type mice
between 45 and 60 days after WNV infection. For primary stimulation, 2.5 � 107

bulk splenocytes were cultured for 7 days at 37°C with 0.5 � 106 irradiated
(10,000-rad) MC57GWNV-E cells in DMEM supplemented with 5% FBS and 50
�M �-mercaptoethanol. Under these selection conditions, only the subset of
WNV-specific T cells that recognize peptides derived from the WNV E protein
in vivo will proliferate ex vivo. Surviving T cells were harvested and restimulated
with MC57GWNV-E cells (1:1 effector/target cell [E/T] ratio) and incubated at
37°C for 7 additional days. For optimal expansion, 2.5 � 107 irradiated (2,000-
rad) naïve splenocytes and 50 U of interleukin-2/ml were added to the culture.
For killing assays, lymphocytes were harvested 3 days after stimulation and live
cells were isolated after Ficoll gradient centrifugation. Staining with MAbs to
CD8 confirmed that 99% of lymphocytes at the time of harvest were CD8� T
cells.

MC57GLWNV-E or MC57GLvector cells were labeled with 10 �M vital fluoro-
chrome calcein AM according to the instructions of the manufacturer (Molecular
Probes). Cells were washed extensively and then placed in DMEM (without
phenol red)–5% FBS that was supplemented with 20 �M verapamil, a calcium
channel blocker that inhibits the calcium-dependent P-glycoprotein-mediated
multidrug resistance channel (1); addition of verapamil was required to minimize
spontaneous efflux of calcein AM from live cells. Purified CD8� T (effector) cells
and calcein AM-labeled MC57GL (target) cells were mixed at various E/T ratios,
placed in individual wells (200 �l) of a 96-well U-bottomed plate in triplicate,
and centrifuged (200 � g, 3 min at room temperature). In some experiments,
MAbs to class I MHC molecules (Kb and Db, 1/100 dilution of mouse ascites; gift
from T. Hansen, St. Louis, Mo.) were added to target cells immediately prior to
the addition of effector cells. After a 4-h incubation at 37°C in a humidified 5%
CO2 incubator, cells were recentrifuged, and 100 �l of supernatant was removed
for measurement of fluorescence at 485 nm with a 96-well-plate SpectraFluor
Plus fluorimeter (Tecan Instruments, Research Triangle Park, N.C.). Data are
expressed as percentages of specific lysis as [(experimental lysis) � (spontaneous
lysis)]/[total (lysis with detergent) � (spontaneous lysis)] � 100. The spontane-
ous release of calcein was 	20 to 25% of the total label.
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Data analysis. For survival analysis, Kaplan-Meier survival curves were plotted
using Prism software (GraphPad, San Diego, Calif.). Mortality curves were
analyzed by the log rank test, and average survival times were evaluated using the
Mann-Whitney test.

RESULTS

Susceptibility of CD8�-T-cell-deficient mice to WNV infec-
tion. Previously, we demonstrated that RAG1 mice that lack
both T and B cells were vulnerable to lethal WNV infection
(9). In passive transfer studies, although immune antibody
completely prevented infection in wild-type mice, its effect was
not durable in RAG1 mice; many eventually succumbed to
infection weeks to months after the initial exposure. Thus,
antibody, by itself, did not completely eliminate WNV reser-
voirs in host tissues (16). Because of these experiments, we
hypothesized that CD8� CTL may control and/or eliminate
virus from infected cells. To directly assess the function of
CD8� T cells in the control of WNV infection, we compared
morbidity and mortality after subcutaneous infection in wild-
type and congenic CD8�-T-cell-deficient mice. After inocula-
tion with 102 PFU of virus, all mice showed clinical signs of
infection after day 8 that included reduced activity, weight loss,
hair ruffling, and hunchbacked posture. Some wild-type and
CD8�/� mice also displayed hind limb paralysis, a sign of CNS
involvement. Additional signs of CNS infection were observed
at greater frequency in CD8�/� mice, including hemiplegia,
tremor, and seizures. The onset of these severe manifestations
of CNS disease invariably predicted death, which followed
within 12 to 24 h. Overall, survival rates were markedly lower
after infection in CD8�/� mice: 16% in CD8�/� mice com-
pared to 70% in congenic wild-type mice (Fig. 1A, P 
 0.0001).
Thus, by morbidity and mortality analyses, an absence of
CD8� T cells was shown to cause more severe WNV infection
with adverse clinical outcomes.

WNV burden in CD8�/� mice. To elucidate the mechanism
by which a deficiency in CD8� T cells made mice vulnerable to
lethal infection by WNV, wild-type and CD8�/� mice were
infected with 102 PFU of WNV and viral loads were measured
at 2, 4, 6, 8, 10, and 11 days after infection in serum, spleen,
spinal cord, and brain by plaque assays (Fig. 1B to E).

(i) Viremia. In both wild-type and CD8�/� mice, viremia was
below the level of detection by direct plaque assay throughout
the time course (data not shown). However, when viral RNA in
serum was measured by a more sensitive fluorogenic RT-PCR
assay (9, 37), additional information was obtained. The kinetics
and magnitude of viremia were virtually identical between
wild-type and CD8�/� mice; viral RNA was detected from day
2 to day 4 after infection but was cleared from circulation by
day 6 (Fig. 1B).

(ii) Spleen. A different pattern was observed between wild-
type and CD8�/� mice in the spleen. Although similar levels of
infectious virus were detected in both groups at 4 days after
infection, in wild-type mice, infectious WNV levels decreased
by day 6 and were absent at day 8. In contrast, there was no
clearance phase in CD8�/� mice, as levels of virus (104 PFU/g)
persisted in the spleen after day 6 (Fig. 1C). Thus, a lack of
CD8� T cells resulted in a failure to rapidly clear virus infec-
tion from the spleen.

(iii) CNS. (a) Spinal cord. WNV was detected earlier and in
greater levels in the spinal cord of CD8�/� mice (Fig. 1D). At

day 4 after infection, 25% of CD8�/� mice had detectable
levels of infectious virus in the inferior spinal cord. By day 6,
30% of CD8�/� mice had significant levels (	105 PFU/g) in
both the inferior and superior spinal cord. In contrast, infec-
tious virus was not detected in wild-type mice until 8 days after
infection. By the latter stages of the time course, the magni-
tude of viral infection in the spinal cord was dramatically dif-
ferent: at day 10 after infection in CD8�/� mice there were
	500-fold-higher levels in the inferior and superior spinal cord
than in the wild-type counterparts. (b) Brain. A similar pattern
of infection was observed in the brain (Fig. 1E). Tenfold-
higher levels of WNV were detected in brains of CD8�/� mice
on day 6 after infection. As the time course progressed, the gap
in viral burden in the brain widened such that by day 10 after
infection there were 	1,000-fold-higher levels of infectious
virus in the CD8�/� mice. Overall, the virologic analysis dem-
onstrates that CD8� T cells are critically important for the
control of WNV infection in the CNS.

Histopathology and immunohistochemistry after WNV in-
fection in the CNS. To understand the basis for increased
mortality in CD8�/� mice, we examined CNS tissues for his-
topathological changes following infection and compared them
to those of wild-type mice. Brains and spinal cords were har-
vested from equivalently moribund CD8�/� and wild-type
mice on days 10 and 11 after infection. Hematoxylin and eosin
staining of brain sections from CD8�/� mice revealed a larger
number of dying or injured neurons than those for wild-type
mice (Fig. 2A). Although neuronal destruction was patchy and
showed some tissue variability, there was consistent evidence
of greater neuronal injury in the Purkinje and granular neu-
rons of the cerebellum and in hippocampal and spinal cord
neurons from CD8�/� mice (Fig. 2A, panels a to c compared
with e to g). Many of the neurons appeared pyknotic with ev-
idence of altered morphology or frank degeneration. Another
interesting feature of the pathological analysis in CD8�/� mice
was an increased frequency of CNS focal hemorrhage (Fig. 2A,
panel h). In contrast, in wild-type mice, a lower level of neu-
ronal degeneration and hemorrhage was seen (Fig. 2A, panel
d) (63).

Because there was a 500- to 1,000-fold-higher viral titer in
the CNS of CD8�/� mice by plaque assay, we questioned
whether there was a difference in the tropism of infection. In
CD8�/� mice, as with wild-type mice, high levels of WNV
antigen were detected only in cells that stained positive for
neuronal antigens (Fig. 2B) (63; also data not shown). The
cortex, brain stem, base of the brain, hippocampus, and cere-
bellum were the principal sites of WNV infection in the brain
(Fig. 2B). However, compared to comparably sickened wild-
type mice, more intense viral antigen staining was observed,
consistent with the higher viral load in CD8�/� mice. Many of
the heavily infected neurons showed evidence of neuronal in-
jury with altered morphology (Fig. 2B, panels m to p). Simi-
larly, in the spinal cord, larger numbers of neurons were in-
fected in CD8�/� mice than in equivalently sickened wild-type
mice (data not shown). Thus, an absence of CD8� T cells
resulted in increased CNS viral load because of increased in-
fection in neurons throughout the brain and spinal cord.

CD8� T-cell trafficking into the brain. In a prior study (63),
we observed larger numbers of CD45� lymphocytes in the
CNS of mice infected with WNV. To determine whether CD8�
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T cells entered into the brain after infection, inflammatory
cells from the brains of infected mice were isolated by density
gradient centrifugation and phenotyped with MAbs (Fig. 3).
Virtually no lymphocytes were detected in the brains of unin-
fected mice or of WNV-infected mice before day 5. Because
infectious WNV was not recovered from the brains of wild-

type mice until 6 days after infection, CD8� T cells appear to
traffic into the brain after viral infection. The number of CD8�

T cells in the brain increased over time, with the highest levels
being observed at our latest time point (day 11) of analysis.

Anti-WNV antibody response in CD8�/� mice. Because we
have previously shown that a depressed anti-WNV IgM or IgG

FIG. 1. Survival data and viral burden data for wild-type (WT),
CD8�/�, and MHC class Ia�/� C57BL/6J mice inoculated with WNV.
(A) Wild-type, CD8�/�, and MHC class Ia�/� mice were inoculated
via footpad with 102 PFU of WNV and monitored for 28 days. The
survival curves were constructed using data from three to five inde-
pendent experiments. The numbers of animals were n � 50 for wild-
type, n � 43 for CD8�/�, and n � 32 for MHC class Ia�/� mice.
Survival differences between wild-type and CD8�/� or MHC class
Ia�/� mice were statistically significant (P 
 0.0001). (B) Levels of viral
RNA in serum. Viral RNA levels were determined from serum of
wild-type or CD8�/� mice after WNV infection at the indicated days
by a real-time fluorogenic RT-PCR assay. Data are expressed as
genomic equivalents of WNV RNA per milliliter of serum and reflect
the average of five independent mice per time point. The dashed line
represents the limit of sensitivity of the assay. (C to E) Infectious virus
levels in tissues. Virus levels were measured from the spleen (C), upper
(USC) and lower (LSC) halves of the spinal cord (D), and brain (E) of
wild-type and CD8�/� mice by a viral plaque assay in BHK21 cells after
tissues were harvested at the indicated days after inoculation. Data are
shown as the average PFU per gram of tissue or milliliter of serum and
reflect five mice per time point for either wild-type or CD8�/� mice.
The dashed line represents the limit of sensitivity of the assay.
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response results in earlier and increased dissemination of
WNV in the CNS (9, 11), we sought to eliminate the possibility
that a compromised antibody response could explain the in-
creased susceptibility in CD8�/� mice. As expected, the kinet-
ics and magnitude of the anti-WNV IgM and IgG response
were virtually identical in wild-type and CD8�/� mice: IgM was
detected within 4 days of infection and peaked at day 8, and
IgG was detected from day 8 onward (Fig. 4). Notably, there
was no difference in neutralization titers between wild-type and
CD8�/� mice at day 4, 6, or 10 after infection (data not
shown). Thus, the increased susceptibility and CNS viral bur-
den were likely due to the direct absence of a protective effect
by CD8� T cells.

WNV infection in MHC class Ia-deficient mice. To confirm
that the absence of antigen-specific CD8� T-cell interaction

with WNV-infected cells caused the increased susceptibility to
infection, congenic C57BL/6 mice that were deficient in MHC
class Ia (Kb and Db) molecules (54) were infected with WNV
and compared to wild-type and CD8�/� mice. These mice lack
classical class Ia MHC molecules and show a profound
(�95%) reduction in their peripheral CD8�-T-cell repertoire
but still express nonclassical class Ib MHC molecules (54).

Similar to CD8�/� mice, MHC class Ia�/� mice were highly
susceptible to WNV infection (Fig. 1A). Only 12% of MHC
class Ia�/� mice survived infection: this value was significantly
different from that for wild-type mice (P 
 0.0001) but similar
to that of CD8�/� mice (16% survival for CD8�/� mice). In
addition, a significant (	20%) percentage of the MHC class
Ia�/� mice had prominent hemiplegia and seizure activity,
clinical signs that were similar to those observed with CD8�/�

FIG. 2. Histopathology and immunohistochemistry after infection with WNV (A) Histopathology of CNS tissue from wild-type and CD8�/�

mice. CNS tissues from equivalently moribund wild-type (a to d) and CD8�/� (e to h) mice were harvested at day 10 after infection with 102 PFU
of WNV, sectioned, and stained with hematoxylin and eosin. Typical sections from the cerebellum, hippocampus, and spinal cord are shown after
review of more than 10 independent brains. In samples from wild-type infected mice (thick arrows) the Purkinje neurons of the cerebellum, the
CA1 neurons of the hippocampus, and the anterior horn motor neurons are identified with blue, red, and green arrows, respectively. In samples
from CD8�/� mice (thin arrows) these neurons are again delineated; however, significantly more neuronal degeneration is observed. (B) Detection
of WNV infection in the CNS by immunohistochemistry in wild-type and CD8�/� mice. The brains of wild-type (i to l) and CD8�/� (m to p) mice
were harvested 10 days after infection with WNV, sectioned, and stained with rat anti-WNV polyclonal serum or a control negative polyclonal rat
serum. Typical sections are shown from the cerebellum (i and m), brain stem (j and n), cerebral cortex (k and o), and hippocampus (l and p) after
review of more than 10 independent brains from either wild-type or CD8�/� mice.
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mice. To determine whether the similar pattern of susceptibil-
ity between CD8�/� and MHC class Ia�/� mice correlated
with the viral burden, we compared levels of infectious virus in
tissues at day 10 after infection. This time was chosen because
it represented the point at which peak viral titers were ob-
served in the CNS of CD8�/� mice. Strikingly, in a pattern
similar to that of the CD8�/� mice, none of the MHC class
Ia�/� mice had cleared WNV from the spleen (data not
shown). Moreover, a 1,000-fold-higher virus burden was de-
tected in the brain and spinal cord of both CD8�/� and MHC
class Ia�/� mice than in those of wild-type mice, and a similar
pattern of increased viral antigen staining was observed after
immunohistochemical analysis (data not shown).

WNV persistence in surviving CD8-deficient mice. An ab-
sence of CD8� T cells may result in increased tissue viral

burdens because antigen-specific CD8�-T-cell activity is re-
quired for the direct or indirect targeting of infected cells. In
the CNS, CD8� T cells are believed to clear viral infections
from neurons by both cytolytic and noncytolytic mechanisms
(5, 6, 25). Although deficiencies in CD8� T cells resulted in
significantly increased vulnerability to lethal WNV infection,
consistently a small number (	15%) of mice survived infec-
tion. To assess the effect of CD8�-T-cell activity on kinetics of
viral clearance, levels of infectious virus in the CNS were mea-
sured in wild-type and CD8�/� mice that survived the initial
infection (Fig. 5). In wild-type mice, no infectious virus was
detected in the brain after 21 days, whereas significant levels
(103 PFU/g) were detected in CD8�/� mice. Even 35 days after
infection, infectious virus was still recovered from the brain of
CD8�/� mice. Similar levels of viral infection were seen after
day 28 in MHC class Ia�/� mice (Fig. 5). Thus, the absence of
CD8� T-cell activity against WNV resulted in a failure to clear
virus from infected cells in the CNS.

Cytolytic activity of CD8� T cells. To confirm that CD8� T
cells played an important role in directly controlling virus in-
fection, we assessed the cytolytic activity of purified CD8� T
cells against target cells that expressed WNV antigens (Fig.
6A). Previous studies by others had suggested that lympho-
cytes that were isolated from WNV-infected mice were ca-
pable of killing WNV target cells (23, 44), although purified
CD8� T cells were not used. Target cells (MC57GLWNV-E

or MC57GLvector) were generated by stably transfecting the
ectodomain of the 1999 New York strain of WNV or the
parent vector (pcDNA3.1) into MC57GL cells, a syngeneic
KbDb-expressing fibroblast tumor cell line. Target cells were
labeled with calcein AM, a vital fluorochrome, and killing was
assayed fluorimetrically by measuring the amount of calcein
released from dying cells.

Primary CD8� T cells were obtained directly from the
spleens of mice 4, 6, and 8 days after infection and separated
by negative antibody selection (90 to 95% purity; Fig. 6B,
inset). Relatively high (30:1 or greater) E/T ratios were re-
quired to detect efficient killing of MC57GLWNV-E targets
(Fig. 6A), likely reflecting a low number of WNV-specific
CD8� T cells in the spleen. Little killing (
10%) was observed

FIG. 3. Trafficking of CD8� T cells into the brain of WNV-infected
mice. Groups of wild-type mice were infected with 102 PFU of WNV
subcutaneously. At the indicated days, brain leukocytes were recovered
by Percoll gradient centrifugation and phenotyped with phycoerythrin-
conjugated anti-CD8 antibodies. The data are expressed as a scatter
plot and reflect the total number of brain CD45� leukocytes recovered
after Percoll gradient centrifugation of individual brains multiplied by
the percentage that expressed CD8� (Ly-2) chain antigen as detected
by flow cytometry.

FIG. 4. Development of specific antibodies to WNV in wild-type
and CD8�/� mice. Serum was collected from wild-type (WT) or
CD8�/� mice at the indicated days after infection with 102 PFU of
WNV. The development of specific IgM or IgG antibodies to WNV
was determined after incubating serum with adsorbed control or pu-
rified WNV E protein. Data are the averages of 5 to 10 mouse exper-
iments per time point performed in duplicate.

FIG. 5. Delayed clearance of WNV from the brains of surviving
CD8�/� and MHC-Ia�/� mice. Wild-type (WT), CD8�/�, and MHC
class Ia�/� mice were infected with 102 PFU of WNV. Surviving ani-
mals were euthanized at 28 or 35 days after infection, and brains were
analyzed for infectious virus by plaque assay as described in the Fig. 2
legend. Data are shown as the average PFU per gram of tissue and
reflect three to five mice per time point.
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after incubation with MC57GLvector target cells even at very
high (100:1) E/T ratios. Whereas low levels of killing were
observed at day 4, CD8� splenic T cells isolated from mice at
days 6 and 8 after WNV infection demonstrated higher levels
of killing (Fig. 6A). The temporal increase in cytolytic activity
after day 4 correlated with an expansion of CD8� T cells (data
not shown) and clearance of WNV from the spleen (Fig. 1C).
Cytolysis by primary CD8� T cells was antigen restricted as
MAbs against class I (Kb � Db) MHC molecules inhibited lysis
of WNV target cells (Fig. 6B). Memory CD8� T cells that were
isolated from the spleen of WNV-immune mice and expand-
ed ex vivo more efficiently killed MC57GLWNV-E but not
MC57GLvector target cells. CD8�-T-cell-mediated killing was
observed at lower (3:1) E/T ratios and was inhibited with

MAbs to class I MHC molecules and reproduced with WNV-
infected but not uninfected MC57GL cells (data not shown).

DISCUSSION

Using a variety of experimental approaches, we demonstrate
that CD8� T cells contribute to clearance and recovery from
WNV infection. CD8� T cells that are isolated from WNV-
infected mice lyse target cells that express WNV antigens in a
class I MHC-restricted manner. Mice that lack CD8� T cells or
classical class Ia MHC molecules had higher CNS viral burdens
and increased mortality rates after infection. Finally, in the
subset of CD8�-T-cell-deficient mice that survived initial in-
fection, infectious virus was recovered from the CNS for sev-
eral weeks, suggesting that an absence of CD8� T cells can
cause a prolonged state of viral persistence.

Neuropathology and CD8� T cells. Neuropathological and
immunohistochemical examination of CD8�/� mice revealed
large numbers of infected neurons that appeared to be injured
or dying. Similar to wild-type mice (9, 63), infection in the
brain was observed in the cortex, brain stem, basal ganglia,
hippocampus, and cerebellum, and infection in the spinal cord
was predominantly in anterior horn motor neurons. However,
compared to comparably ill wild-type mice, greater viral anti-
gen staining was observed, consistent with the higher viral load
in CD8�/� mice.

Viral burden and CD8� T cells. Although prior studies have
demonstrated that �� T cells also mediate control of WNV
infection in mice (67), the role of CD8� T cells in vivo has
remained unclear. Here we demonstrate that the absence of
CD8� T cells or classical class Ia MHC molecules resulted in
increased and sustained WNV infection in both peripheral and
CNS tissues. Compared to wild-type mice, similar levels of
virus were initially observed in the spleen of CD8�/� and class
Ia�/� mice; however, mice that lacked CD8�-T-cell function
did not clear infectious virus during the early course of infec-
tion. In CNS tissues, a distinct pattern was observed. In the
spinal cord and brain, a deficiency of CD8� T cells was asso-
ciated with markedly higher viral titers. At 10 days after infec-
tion, 1,000-fold-increased titers were demonstrated in the CNS
of both CD8�/� and class Ia MHC�/� mice compared to
congenic wild-type mice. Our results, which demonstrate an
essential role for CD8� T cells in the clearance of WNV from
the CNS, agree with some of those from a recently published
paper (68). In that study, intravenous administration of a low
dose (103 PFU) of the mouse-adapted Sarafend WNV was
associated with increased viral load in the brain and mortality
of wild-type C57BL/6 mice that were depleted of CD8� T cells
with antibodies or genetically deficient in �2-microglobulin
(68). However, this study also showed that intravenous admin-
istration of a high (108 PFU), nonphysiologic dose of WNV
resulted in decreased mortality in �2-microglobulin-deficient
mice with an increase in average survival time. The authors
suggested that under these conditions the improved survival
indicates that CD8� T cells can have adverse immunopatho-
logical effects in the CNS after WNV infection (68). In our own
studies with higher doses of virus, we did not observe a similar
pathological effect of CD8� T cells: inoculation of 106 PFU of
New York 1999 WNV into CD8�/� mice was associated with
increased morbidity, mortality, and viral burden in the CNS (B.

FIG. 6. Primary CD8�-T-cell-mediated killing of WNV targets.
(A) Splenocytes were harvested from mice that were infected with 106

PFU of WNV at 4, 6, and 8 days after infection. CD8� T cells were
purified by negative antibody selection and mixed with calcein AM-
labeled MC57GL target cells (MC57GLWNV-E or MC57GLvector) at
various E/T ratios. Target cell killing was measured by assessing the
release of calcein AM with a 96-well-plate fluorimeter. Specific lysis
was determined after subtracting the amount of calcein AM release for
target cells that were incubated without CD8� T cells. One represen-
tative experiment of two is shown. (B) Class I-restricted killing of
MC57GLWNV-E target cells. MAbs to class I MHC molecules (Kb � Db)
were added to target cells prior to the addition of effector CD8� T cells.
(Inset) Flow cytometry profile demonstrating the purity of CD8� T
cells after negative selection by antibody-coated magnetic beads.
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Shrestha and M. Diamond, unpublished results). Further study
of the potential pathological function of CD8� T cells may be
warranted as the disparity in our results could reflect the route
of inoculation, the strain of virus, and the genetically deficient
strain of mouse.

Although increased levels of virus were detected in the CNS
of CD8-deficient mice, this was not due to increased hematog-
enous spread. Virtually identical levels of viral RNA were
detected in the serum of wild-type and CD8-deficient mice;
viral RNA was detected in both wild-type and CD8�/� mice at
days 2 and 4 after infection but subsequently was cleared.
Combining this information with that from our previous stud-
ies (9, 11), antibody (primarily anti-WNV IgM) appears to
control hematogenous spread of WNV to the CNS and termi-
nate viremia. In contrast, once WNV reaches the CNS, CD8�

T cells play an essential function in controlling viral replication
and clearing WNV from infected neurons. Our experiments
suggest that at least part of this clearance may occur through a
cytolytic mechanism, as purified CD8� T cells (both newly
expanded and memory populations) kill syngeneic targets that
express WNV antigens in a class I MHC-restricted manner.
These results agree with prior studies that demonstrated that
cytolytic lymphocytes proliferate, kill, and release inflamma-
tory cytokines after incubation with WNV-infected targets (12,
23, 24, 30, 44). They are also consistent with our recent exper-
iments that show that mice that lack perforin granules have
increased mortality and higher CNS viral burdens after WNV
infection (B. Shrestha and M. S. Diamond, unpublished data).

CD8� T cells may control infection in the CNS through class
I MHC-restricted killing of WNV-infected cells. In vivo, in the
CNS, WNV predominantly infects neurons (9, 14, 39, 40, 53,
63, 70), although in vitro, oligodendrocytes (21) and astrocytes
(45, 46) have been infected. Neurons, however, basally express
few class I MHC molecules in vivo (36, 51) with the exception
of some brain stem and spinal motor neurons and after certain
inflammatory stimuli (8, 42, 43). Although WNV infection
upregulates class I MHC molecules on many cell types (27, 28,
47), it remains unclear whether expression on selected neuron
populations occurs in vivo. If CD8� T cells cannot directly
recognize WNV-infected neurons, they may indirectly limit
WNV infection by noncytolytic clearance mechanisms such as
through the production of IFN-� (5, 6) or by activating micro-
glia or macrophages to phagocytose infected neurons (27). Our
data confirm that primary and memory CD8� T cells kill tar-
gets that express class I MHC molecules and WNV antigens.
Studies with cultured neurons and syngeneic WNV-specific
CD8� T cells are under way to directly address the mechanism
by which CD8� T cells control WNV in the CNS.

Viral persistence in vivo. Our findings establish the impor-
tance of CD8� T cells in preventing sustained WNV infection
in peripheral and CNS compartments. Mice that lack CD8� T
cells or class Ia MHC molecules demonstrated persistent in-
fectious WNV in the brain for several weeks after the initial
infection despite normal anti-WNV antibody responses. Flavi-
virus persistence occurs when the duration of production of
infectious virus exceeds that which is expected (2 to 3 weeks) in
acute uncomplicated flavivirus encephalitis (7). The observa-
tion of viral persistence in CD8�/� mice is consistent with our
previous studies that suggest that antibody, by itself, cannot
eliminate WNV reservoirs in host tissues, as an intact cellular

immune response is required for viral clearance (16), and with
other studies that demonstrate that treatment with immuno-
suppressive agents during flavivirus infection can lead to viral
persistence (49). Persistent WNV infection in the CNS has
been observed in monkeys (56) and hamsters (70) and with
other flaviviruses including Saint Louis encephalitis (64), tick-
borne (55, 57–59), and louping ill (71) viruses. Finally, the
failure of CD8�/� mice to clear virus from infected cells is also
consistent with studies with neuroadapted Sindbis virus in
which CD8� T cells were required for clearance of viral RNA
from neurons (5, 6). Based on its occurrence in some wild-type
animals, flavivirus persistence may be a function of several
independent immunologic variables, one of which is the inter-
action of virus-specific CD8� T cells with infected targets in
the CNS.

Studies with CD8�/� and other immunodeficient (3, 9, 11,
16, 17, 67, 68) mice have provided insight into the mechanism
of pathogenesis of and protection against WNV infection (10).
In the mouse model, CD8� T cells are required to clear virus
from infected cells. These findings may have implications for
treatment of human patients with WNV infection. Patients
with genetic or acquired deficiencies in T-cell function may
have prolonged WNV CNS persistence and thus require ex-
tended therapy to minimize the chance for disease recrudes-
cence.
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